Rationale: Mitochondrial dysfunction has been implicated in several cardiovascular diseases; however, the roles of mitochondrial oxidative stress and DNA damage in hypertensive cardiomyopathy are not well understood.
H ypertension is a prevalent human disease that imposes a major risk for development of wide spectrum of cardiac and vascular diseases, including atherosclerosis, cardiomyopathy, stroke and kidney diseases. Angiotensin II (Ang II) is a key component of the renin-angiotensin system that plays a pivotal role in hypertension and causes left ventricular hypertrophy. 1 Left ventricular hypertrophy increases the risk of chamber dilatation, heart failure, stroke and sudden cardiac death. 2 Ang II binds to angiotensin receptor-1, a Gq coupled receptor, then stimulates NADPH oxidase to produce reactive oxygen species (ROS). 3 NADPH-generated ROS has been shown to stimulate mitochondrial ROS production and induce mitochondrial dysfunction in endothelial and vascular smooth muscle cells. 4 -5 Although the role of ROS-mediated mitochondrial damage in hypertensive cardiomyopathy has not been fully investigated, suggestive evidence comes from observations that defects in genes encoding mitochondrial enzymes are associated with some forms of idiopathic hypertrophic and dilated cardiomyopathies 6 and that mitochondrial DNA (mtDNA) deletions have been found in experimental models of heart failure. 7 However, the causal link between mtDNA deletions and heart failure remains to be established.
We have previously shown that mice overexpressing catalase targeted to mitochondria (mCAT) have 17% to 21% extension of lifespan, which was not seen in mice overexpressing wild type catalase in peroxisomes (pCAT), which is cytoplasmic and concentrated in peroxisomes. 8 We have recently shown that mCAT mice have reduced age-dependent left ventricular hypertrophy and diastolic dysfunction, concomitant with attenuation of age-dependent increases in cardiac mtDNA deletions and oxidative damage. 9 We therefore hypothesized that mCAT might also be beneficial in the setting of Ang II-induced cardiac hypertrophy and a genetic model of heart failure. The purposes of this study were to: (1) investigate the effect of Ang II on cardiac mitochondrial ROS, function, and turnover; (2) determine the effect of reduction of mitochondrial versus cytosolic ROS on cardiac hypertrophy, fibrosis, and failure; and (3) investigate the effect of acquired mitochondrial DNA mutation on cardiac hypertrophy and failure. Our results show that Ang II induces mitochondrial damage and increased turnover through increased mt-ROS. The reduction of mitochondrial oxidative damage by mCAT confers protection against cardiac hypertrophy, fibrosis, and failure, whereas protection was not conferred by overexpression of pCAT. Furthermore, acquired increases in mtDNA damage were shown to contribute directly to cardiac hypertrophy and failure.
Methods
An expanded Methods section is available in the Online Data Supplement at http://circres.ahajournals.org.
Neonatal Ventricular Cardiomyocyte Culture, Flow Cytometry, and Confocal Microscopy
Neonatal mouse ventricular myocytes were stimulated with Ang II (1 mol/L) for 2 hours, then loaded with MitoSOX (5 mol/L), tetramethylrhodamine ethyl ester (TMRE) (10 mmol/L), or dihydroethidium (DHE) (5 mol/L) and dihydrochlorofluorescein (DCFDA) (5 mol/L) and then measured by flow cytometry and/or confocal microscopy.
Animal Models, Ang II, AZT Delivery, Echocardiography, and Blood Pressure Measurement
The genetic mouse models used in this study are summarized in Online Table I . The floxed stop sequence preceding mCAT in the inducible BAC model (Online Figure I) 
Biochemical and Molecular Analysis
Cardiac mitochondrial protein carbonyl was measured using OxiSelect protein carbonyl ELISA kit (Cell Biolabs, San Diego, CA). Mitochondrial DNA deletion frequency and gene expression were analyzed with quantitative polymerase chain reactions. Electron microscopy was performed on a JEOL JEM 1200EXII transmission electron microscope at ϫ15 000. Quantitative analysis of damage mitochondria and autophagosomes was quantified blindly from 10 images from different fields (ϫ15 000 magnification). Damaged mitochondria were defined by loss of electron density in more than 20% of the area of a mitochondrion. Autophagosomes or autolysosomes were identified by the characteristic structure of a double or multi-lamellar smooth membrane completely surrounding compressed mitochondria or membrane bound electron-dense material. 10 Mitochondrial respiratory function was measured in situ using saponin-permeabilized cardiac fibers isolated from the left ventricle. 11
Statistical Analysis
All data were presented as meansϮSEM. Comparisons between 2 groups were performed using Student t tests. One-way or 2-way ANOVA was used to compare differences among multiple groups, followed by Tukey post hoc test for significance. PϽ0.05 was considered significant.
Results

Ang II Induces Mitochondrial ROS and Mitochondrial Damage
Neonatal cardiomyocytes exposed to Ang II (1 mol/L) show a greater than 2-fold increase in mitochondrial superoxide (measured with MitoSOX fluorescence by flow cytometry) and approximately a 50% increase in total ROS (DCFDA fluorescence); however, the presence of catalase targeted to mitochondria (mCAT) reduces this to levels indistinguishable from that of untreated WT cardiomyocytes, whereas overexpression of WT peroxisomal catalase (pCAT) does not show any beneficial effect ( Figure 1A through 1C) . This mCAT protective effect is abolished by 3-amino 1,2,4-triazole, a catalase inhibitor, suggesting that this effect is mediated by the enzymatic function of catalase (Online Figure IV) . Confocal microscopy confirmed that Ang II induced a significant increase in MitoSOX fluorescence, which was prevented in mCAT but not in pCAT neonatal cardiomyocytes ( Figure 1D and 1F) . Ang II treatment also induced a significant decline in TMRE fluorescence ( Figure 1E and 1F), indicating a decline in mitochondrial membrane potential. This was also present in pCAT but not in mCAT cardiomyocytes, indicating its dependence on mitochondrial ROS ( Figure 1E and 1F) . The overexpression of pCAT was competent in attenuating other sources of ROS, as shown by the substantial attenuation of H 2 O 2 -induced increases in DCFDA (total ROS) and dihydroethidium (cytosolic superoxide) (Online Figure V, A and B) . Exogenous H 2 O 2 also increased mitochondrial superoxide (MitoSOX), but this was attenuated to the same extent by pCAT and mCAT (Online Figure V, C) . These results To investigate the effect of Ang II in vivo, we administered a pressor dose (1.1 mg/kg per day) for 4 weeks. WT, mCAT and pCAT mice displayed similar magnitudes of blood pressure increases after Ang II, in which both systolic and diastolic BP increased by Ϸ25 mm Hg (Online Figure VI) . As an indicator of oxidative damage, the protein carbonyl content of the cardiac mitochondria increased by greater than 4-fold in WT mice after Ang II, with partial protection in mCAT mice (Figure 2A) . We calculated mtDNA copy number by the relative ratio of DNA from the mitochondrial gene ND1 to the nuclear gene cytochrome P4501A1 and found that Ang II induced a decline of mtDNA copy number in WT mice by 38% (Pϭ0.005), but only a modest 19% decline in mCAT mice (Pϭ0.16). To estimate the frequency of mtDNA deletions we applied the random mutation capture assay, 12 as the abundance of mtDNA deletions has been shown to have an inverse correlation with mitochondrial function in heart and skeletal muscle. 12 We found that Ang II significantly increased the mtDNA deletion frequency by 4.3-fold in WT mice, and this increase was substantially protected in mCAT mice ( Figure 2B ).
Non
Ang II Induces Mitochondrial Autophagy and Biogenesis in Mouse Hearts Through Mitochondrial ROS
Using transmission electron microscopy, we found that Ang II induced mitochondrial damage (loss of electron density; Figure   2D , arrowheads) and the quantitative analysis showed a significant increase in the numbers of damaged mitochondria ( Figure  2E ). Increased mitochondrial damage appeared to be associated with increased number of autophagosomes/autolysosomes with the characteristic double-membrane structure seen by electron microscopy ( Figure 2D arrows and Figure 2E ). All of the above changes were significantly attenuated in mCAT littermates. Western blots of LC-3 displayed a significant increase in LC-3 II/I ratio, an indicator of autophagy, after 4 weeks of Ang II ( Figure 2C ). This was attenuated in mCAT mice ( Figure 2C ). ROS-induced mitochondrial damage and turnover is expected to result in increased signaling for mitochondrial biogenesis, a principal regulator of which is peroxisome proliferator-activated receptor ␥ coactivator (PGC)-1␣. PGC-1␣ is transcriptionally upregulated by ROS. 13 As shown in Figure 2F , 4-weeks of Ang II significantly increased expression of PGC-1␣ by 84%, with a concomitant increase in expression of PCG1␣ target genes. In contrast, Ang II-treated mCAT mice showed little activation of PCG1␣ or its target genes, suggesting that the preservation of mitochondrial function by mCAT prevents activation of mitochondrial biogenesis signaling.
Overexpression of mCAT, But Not pCAT, Blocks Ang II-Induced Cardiac Hypertrophy and G␣q Overexpression-Induced Heart Failure
To demonstrate that mitochondria are the primary target of oxidative damage, we compared the protective effects of overexpression of pCAT 14, 15 versus mCAT in response to 4 weeks of Ang II treatment. As shown in Figure 3A , Ang II-induced cardiac hypertrophy is protected in mCAT but not pCAT mice. Compared to saline-treated littermate controls, Ang II significantly increased heart weight of WT and littermate pCAT mice ( Figure 3B ; see Online Table II for full data); echocardiographic left ventricular mass index (LVMI) significantly increased in these mice ( Figure 3C ; see Online Table III for detail echocardiographic data) and diastolic function measured by Ea/Aa decreased to 0.84 to 0.86 ( Figure 3D ; Online Table III) . (Ea/Aa by tissue Doppler imaging is the ratio of myocardial velocities during early and late ventricular diastolic filling; early filling normally predominates, but can be reduced by fibrosis or slow calcium reuptake, in which case atrial-dependent late filling predominates). In all cases, pCAT mice showed no differences from their WT littermates. In contrast, in both C57Bl6 (Figure 3 ) and C3H/C57Bl6 hybrid mice (Online Table III ), the constitutively expressed mCAT model showed appreciable protection from Ang II-induced hypertrophy (size, heart weight, and LVMI) and the decline of diastolic function, compared to their respective WT littermates. This was closely recapitulated in 2 models of tamoxifen induced mCAT expression, ubiquitously expressed Rosa-26 i-mCAT and cardiac-specific MHC i-mCAT. To emphasize that it is the location and not the level of catalase overexpression that is crucial for this effect, we measured total catalase activity from cardiac protein extracts and showed that the total cellular catalase activity for R26 i-mCAT, MHC i-mCAT, pCAT and mCAT were 2.2-, 12.2-, 95.4-, and 101.8-fold above the WT level, respectively ( Figure 3E ). In other words, placing an activity of catalase in mitochondria equal to that found in WT peroxisomes (R26-i-mCAT) was highly A, Protein carbonyl content was quantified using a DNPH-based enzyme immunoassay of cardiac mitochondrial protein extracts. Ang II significantly increased cardiac mt-protein carbonylation, which was significantly protected in mCAT mice (nϭ9 to 10). B, mtDNA deletion frequencies quantified by the random mutation assay showed a greater than 4-fold increase after Ang II, and this was substantially attenuated in mCAT mouse hearts (nϭ8 to 10). C, Western blots showed that Ang II significantly increased the LC-3 II/I ratio, which was significantly attenuated by MHC-i-mCAT. D, Transmission electron microscopy showed damaged mitochondria (arrowheads) and autophagosomes/autolysosome (arrows) (magnification as indicated). E, Quantitative analysis of electron micrographs showed that Ang II significantly increased the proportion of damaged WT mitochondria (see Methods for definition), as well as the number of autophagosomes/autolysosomes that appear to contain damaged mitochondria. Both of these findings were significantly attenuated in Ang II-treated mCAT mouse hearts. F, Expression of genes implicated in mitochondrial biogenesis was significantly increased in WT hearts after Ang II but was substantially attenuated in Ang II-treated mCAT mouse hearts. *PϽ0.05, WT vs WTϩAng II; #PϽ0.05, WTϩAng II vs mCATϩAng II (nϭ6 to 12).
protective, whereas increasing the WT peroxisomal catalase activity by 95-fold was not. It was noteworthy that mCAT and WT mouse hearts did not show any significant difference in other antioxidant pathway, such as glutathione peroxidase (GPx), glutathione reductase (GRx), or glucose-6 phosphate dehydrogenase (data not shown), although mCAT mouse hearts were shown to have significantly higher GSH and significantly lower GSSG/GSH compared with WT mouse hearts (Online Figure VII) , consistent with reduced utilization of GPx and GRx, both of which depend on GSH for reduction of mitochondrial H 2 O 2 .
Cardiac histopathology demonstrated cardiomyocyte hypertrophy after Ang II, which was significantly ameliorated by mCAT but not pCAT ( Figure 3F ). To confirm the protective effect of mCAT, we demonstrated that the upregulation of atrial natriuretic peptide (ANP), a fetal gene reactivated during hypertrophy was substantially decreased in mCAT hearts (Online Figure VIII) .
To extend our observations to a model of heart failure, we used the genetic mouse model overexpressing G␣q. G␣q is coupled to several catecholamine and Ang II receptors and its cardiac overexpression has been shown to cause heart failure in mice by 14 to 16 weeks of age. 16 We confirmed that G␣q mice had substantial impairment of systolic function at 16 weeks age, as shown by decline in fractional shortening, with enlargement of the LV chamber (increase in LV end-diastolic dimension), impaired diastolic function (decreased Ea/Aa) and worsening of myocardial performance index (MPI) (which rises as a greater fraction of systole is isovolumic; see Methods) ( Figure 4B ).
Whereas the compound heterozygous G␣q/pCAT mice did not show any protection against any of these parameters of heart failure, the G␣q/mCAT mice demonstrated a significant preservation of systolic and diastolic function as well as attenuation of cardiac chamber enlargement ( Figure 4B ). Increases in heart weight and lung weight further supported the presence of congestive heart failure in G␣q mice ( Figure 4C ; Online Table  II) , and these were also significantly protected in mCAT but not pCAT mice. Upregulation of cardiac ANP and BNP genes in failing G␣q hearts was also significantly attenuated in G␣q/ mCAT, but not G␣q/pCAT hearts ( Figure 4D ).
Direct evidence of the protection of mitochondrial function conferred by mCAT to Ang II-treated or G␣q-overexpressed hearts is shown by analysis of in situ state 3 (maximal stimulated) mitochondrial respiration, determined by measuring the O 2 consumption of saponin permeabilized cardiac muscle in the presence of excess substrate (pyruvate and malate) and ADP ( Figure 5 ). Whereas Ang II resulted in a 28% decline in respiratory capacity in WT and pCAT hearts, mCAT hearts had substantially better preservation of state 3 mitochondrial respiration. A similar result was obtained with MHC-i-mCAT mice (Online Figure IX) . G␣q overexpression induced a 30% reduction in mitochondrial respiratory capacity and this was also preserved in mCAT but not pCAT mice ( Figure 5 ).
Mitochondrial DNA Damage Contributes to the Development of Cardiac Hypertrophy and Failure
The antiretroviral drug zidovudine (AZT), a nucleoside analog, interferes with mtDNA replicative fidelity and can induce Tables II and III for full data.) D, Ea/Aa is normally Ͼ1, as seen in WT treated with saline, but Ang II results in diastolic dysfunction in WT (blue bars), shown by Ea/Aa Ͻ1. In A through D, all Ang II-induced changes are significantly attenuated in mice with either constitutive or inducible overexpression of mCAT, but not by overexpression of pCAT (red bars). E, Total cellular catalase activity (per milligram of cardiac protein by Amplex red assay) showed activities for R26-i-mCAT, MHCi-mCAT, pCAT, and mCAT that were 2.2-, 12.2-, 95.4-, and 101.8-fold greater than WT, respectively. There was no significant difference in catalase activity after Ang II treatment (black bars). F, Cardiomyocytes cross-sectional area significantly increased after Ang II, which was attenuated in mCAT but not pCAT. *PϽ0.01 compared with saline treated groups; #PϽ0.01 compared with Ang II-treated WT.
mitochondrial damage in the heart. 17 We demonstrated that 8 weeks of AZT treatment of WT mice induced LV hypertrophy to a degree comparable to that of Ang II treatment, as shown by increased LVMI and heart weight ( Figure 6A and 6B) . To test the hypothesis that mtDNA mutations could accelerate heart failure, we examined mice with homozygous mutation of mitochondrial polymerase ␥ (Polg m/m ), which have defective exonuclease proofreading capacity. 18 These mice have been shown to have accelerated aging phenotypes, cardiac hypertrophy and mitochondrial dysfunction in parallel with the accumulation of mtDNA mutations and deletions. 18, 19 At only16 weeks of age, the increase in LVMI and heart weight in Polg m/m mice is significant (Figure 6A and 6B; Online Table II), but no systolic or diastolic dysfunction is evident ( Figure 6C and 6D) . However, when Polg m/m mice are treated with Ang II, the cardiac failure phenotype is greatly augmented. Whereas Ang II treatment caused a decline in diastolic function (Ea/Aa) and preserved systolic function in WT mice, the same treatment in Polg m/m mice induced heart failure with worsening of MPI, significant impairment of both systolic and diastolic function and dramatic cardiac hypertrophy (Figure 6B through 6D ; Online Table II) . Ang II-induced heart failure in Polg m/m mice is ameliorated by mCAT (Figure 6B through 6D ; Online Table II ). In Ang II-and AZT-induced cardiac hypertrophy, the mtDNA deletion frequency significantly increased by 4.3-and 2.7-fold, respectively, whereas in G␣q mice and Ang II-treated Polg m/m mice with heart failure, mtDNA deletion frequencies dramatically increased by 5.2-and 26.9-fold, respectively ( Figure 6F ). mCAT overexpression in G␣q-and Ang II-treated Polg m/m mice, which attenuated heart failure, as noted above, also significantly decreased these mtDNA deletion frequencies ( Figure 6E ). All of this evidence suggests that mtDNA damage contributes directly to cardiac hypertrophy and failure. Interestingly, the significant upregulation of mitochondrial biogenesis signaling that was observed in cardiac hypertrophy induced by Ang II, AZT, or Polg m/m was blunted in mice with heart failure (G␣q-and Ang II-treated Polg m/m ) (Online Figure X) . . G␣q overexpression caused heart failure was protected in mCAT but not pCAT mice. A, Echocardiography showed that 16-week-old G␣q heterozygous mice had poor contractility and enlargement of the LV chamber. The heart failure phenotypes in G␣q mice were substantially attenuated by overexpression of mCAT but not pCAT. B, Quantitative analysis of echocardiography demonstrated that compared to WT mice, G␣q mice had significantly lower fractional shortening (FS), larger LV end-diastolic dimension (LVEDD), lower Ea/Aa by tissue Doppler, and worsening of the MPI. All of these changes were significantly attenuated in compound heterozygous G␣q/mCAT mice but not G␣q/pCAT mice. C, Relative to WT littermates, both normalized heart weight and lung weight were significantly increased in G␣q and G␣q/pCAT mice but were substantially protected in G␣q/mCAT mice. D, Relative to WT littermates, expression of ANP and BNP genes (normalized to 18S) was significantly upregulated in G␣q and G␣q/pCAT mice, but this increase was significantly less in G␣q/mCAT mice. *PϽ0.05 for WT vs G␣q; #PϽ0.05 for G␣q vs G␣q/mCAT (nϭ5 to 10/group).
Masson's trichrome staining demonstrated that Ang II treatment and G␣q overexpression were accompanied by significant ventricular fibrosis, which was substantially attenuated in mCAT but not pCAT mouse hearts (Online Figure  XI, A) . Similarly, both Ang II and G␣q overexpression increased procollagen type 1␣2 transcript levels by Ϸ2-fold, and this was significantly protected in mCAT but not pCAT hearts (Online Figure XI, B) . Consistent with the finding that homozygous mutation of Polg contributes to the transition from hypertrophy to failure in response to Ang II, we found that Polg m/m further aggravated cardiac fibrosis induced by Ang II (Online Figure XI) .
Ang II Induced ROS-Mediated Signaling
NADPH oxidase (NOX) has been shown to play a crucial role in Ang II signaling, including NOX2, 20 activation of which depends on p47phox complex translocation to the plasma membrane. Western blots demonstrated that Ang II significantly increased p47-phox membrane translocation in WT hearts, and this was attenuated in mCAT (PϽ0.05) and pCAT hearts (Pϭ0.08) ( Figure 7A ). The NOX4 isoform of NADPH oxidase has recently been shown to be associated with mitochondria in cardiomyocytes and upregulated by Ang II. 21 Ang II-induced upregulation of NOX4 was, however, not significantly altered by mCAT or pCAT ( Figure 7B ). Ang II also increased phosphorylation of ERK1/2, a member of the MAPK family known to be a key player in cardiac hypertrophy, and this phosphorylation was significantly lower in mCAT but not pCAT hearts ( Figure 7C ), suggesting that the MAP kinase is activated through mt-ROS sensitive mechanisms (Online Figure XII) .
Discussion
This study demonstrates that mt-ROS plays a critical role in the development of Ang II-induced cardiac hypertrophy. The overexpression of mCAT ameliorated LV hypertrophy, fibrosis and diastolic dysfunction induced by 4 weeks of Ang II. This beneficial effect was seen even when catalase was expressed in mitochondria at a very modest level (activity similar to that of WT peroxisomal catalase), but it was not observed in mice that greatly overexpressed WT catalase (pCAT). This fact emphasizes that it is the mitochondrial localization of catalase and not The state 3 respiratory capacity in WT mice significantly declined by 28% after 4 weeks of Ang II, and this was protected in mCAT but not pCAT mice. G␣q overexpression caused a 30% reduction of maximal respiratory capacity, and this was protected in G␣q/mCAT but not G␣q/pCAT mice. *PϽ0.05 compared with WT; #PϽ0.05 for mCATϩAng II vs WTϩAng II and G␣q/mCAT vs G␣q (nϭ4 to 6/group). m/m mice caused significant impairment of LV contractility and severe hypertrophy, which is ameliorated by mCAT. B, Relative to untreated WT mice, both echocardiographic LVMI and normalized heart weight increased significantly after Ang II or AZT. These parameters of cardiac hypertrophy increased even more dramatically when Polgm/m mice were treated with Ang II. WT mice treated with Ang II or AZT had preserved systolic function measured by fractional shortening (FS) (C) and a slight decline in diastolic function (Ea/Aa) with no change in MPI (D). Polg m/m mice showed normal systolic and diastolic function, but Polg m/m mice treated with Ang II developed heart failure with worsening of myocardial performance and impairment of both systolic and diastolic function, all of which were attenuated by mCAT (C and D) . E, Mutation assay showed that Ang II, AZT and G␣q resulted in significantly increased mtDNA deletion frequencies: 4.3-, 2.7-, and 5.2-fold above WT, respectively. Expression of mCAT in G␣q mice, which attenuated heart failure ( Figures 4 and 5) , also significantly decreased the mtDNA deletion frequency. F, Polg m/m mice have a 7-fold increase in mtDNA deletion frequency, which rises to 26.9-fold after Ang II treatment, and this is alleviated by mCAT. *PϽ0.05 compared with WT (nϭ6 to 10 for echocardiography, nϭ8 to 12 for deletion assay).
the expression level that is crucial for cardioprotection. Furthermore, mCAT protection appears to be autonomous to the heart, evidenced by similar protection in mice with cardiomyocytespecific (MHC-i-mCAT) versus ubiquitous mCAT expression (R26-i-mCAT; Figure 3B through 3D) . The absence of mCAT dosage effect in this study is consistent with our previous observation of lifespan extension, in which 2 different lines of mCAT with Ϸ100ϫ catalase and Ϸ10ϫ catalase overexpression demonstrated similar benefit on lifespan extension. 8 This suggests that a low dose of mitochondrial catalase is adequate to break the vicious cycle of mitochondrial ROS induced ROS (see below).
Mitochondria are major site of generation of ROS as a byproduct of oxidative phosphorylation. In fact, by their proximity to ROS, mitochondrial proteins, lipids and DNA are believed to be primary targets of oxidative damage during stress, 22 creating a mitochondrial free radical "vicious cycle" of injury. Ang II binds to Ang II type 1 receptor, a G␣q-coupled receptor, then activates NADPH oxidase through a PKCdependent manner, and the ROS from NADPH oxidase might increase mitochondrial ROS production, as previously shown in endothelial cells. 4 The present study is the first to provide direct evidence that amplification of ROS within mitochondria is a key mediator of Ang II-and G␣q-induced cardiac hypertrophy and failure. The mechanisms of ROS amplification might include ROS induced ROS release as well as a ROS-mtDNA damage vicious cycle (Online Figure XII) . For example, ROS production (from NOX2 and/ or NOX4) can increase electron leakage from the electron transports chain, further stimulating ROS production. This mechanism is also consistent with observations that primary damage to mtDNA is sufficient to elevate ROS, cause cardiac hypertrophy and accentuate Ang II effect to induce heart failure. Thus, breaking the ROS vicious cycle within mitochondria by mCAT is effective to attenuate both cardiac hypertrophy and failure.
Although the NADPH oxidase NOX2 isoform has been shown to mediate Ang II-induced cardiac hypertrophy, 20 Ago et al have recently demonstrated that NOX4 is colocalized to mitochondria and is upregulated in response to Ang II. 21 They also showed that overexpression of NOX4 significantly increased mitochondrial ROS, decreased mitochondrial membrane potential and mitochondrial function, and induced the mitochondrial apoptotic pathway. 21 Nox4 is thought to be constitutively active and does not require activation by p47phox or p67phox. Whereas Ang II-induced upregulation of NOX4 is not affected by mCAT or pCAT, the membrane translocation of p47phox (activation of NOX2) was attenuated by mCAT (PϽ0.05) and pCAT (Pϭ0.08). This effect suggests positive-feedback between mitochondrial and cytosolic ROS and NOX2 activation (Online Figure XII) . The relative roles of NOX2 and NOX4 in cardiomyocytes, however, remain to be elucidated. Based on the observations reported here, we propose that cardiac ROS produced by NADPH oxidase (NOX2 and/or NOX4) is amplified within mitochondria; mitochondrial hydrogen peroxide is freely diffusible and can subsequently activate redox-sensitive nuclear and cytoplasmic signaling, including ERK1/2 ( Figure 7C ; Online Figure XII) . ROS are also known to activate several other MAPK and NF-B pathways, 23, 24 which interact with Camediated signaling. 25 The present study provides evidence that Ang II-induced cardiac ROS is primarily mitochondrial, causes a decline of mitochondrial membrane potential and increases cardiac mitochondrial protein oxidative damage and mtDNA deletions. The deleterious effects of Ang II on mitochondria are associated with an increase in autophagosomes and increased signaling of mitochondrial biogenesis in attempt to replenish the damaged mitochondria and restore energy production (Figure 2) . The fact that mCAT, but not pCAT reduces mt-ROS and substantially ameliorates all of the above Ang II-induced changes suggests that these events are mediated by mt-ROS.
To recapitulate the effect of chronic exposure to Ang II on heart, we used transgenic mice overexpressing the G␣q protein.
G␣q is a subunit of the G-protein that is coupled to catecholamine and Ang II receptors. Cardiac specific overexpression of G␣q has been shown to cause heart failure in mice by 16 weeks of age, despite the absence of increased blood pressure. 16 Overexpression of mCAT, but not pCAT was able to ameliorate heart failure and pathological cardiac remodeling in the G␣q mouse model and attenuated the increased mtDNA deletions and depressed mitochondrial respiratory capacity observed in G␣q mice. These findings reinforce the hypothesis that mt-ROS mediated mitochondrial damage plays a critical role in development of cardiac hypertrophy and failure. mtDNA mutations and deletions have been observed in several forms of cardiomyopathy in humans. 6 Whether this DNA damage is the cause or consequence of the cardiomyopathy remains unclear. We found that AZT treatment substantially increased mtDNA deletions, concomitant with the development of cardiac hypertrophy ( Figure 6 ). It has been previously shown that AZT-induced cardiomyopathy in mice was also ameliorated by mCAT. 26 Mice with homozygous mutation of exonuclease domain of mitochondrial polymerase ␥ (Polg m/m ) have impaired DNA proofreading capacity. These mice accumulate mtDNA deletions even at young age ( Figure 6F ) and display cardiac hypertrophy with preserved systolic function ( Figure 6B and 6F). Furthermore, whereas Ang II did not affect systolic function in WT mice, the same treatment in Polg m/m mice induced a greater than 25-fold increase in mtDNA deletions, and resulted in severe cardiac hypertrophy, significant systolic heart failure, chamber dilation and fibrosis. These findings suggest that mtDNA deletions induce cardiac hypertrophy, but when augmented by Ang II-induced mt-ROS, this results in systolic heart failure. Again, this is consistent with the vicious cycle model of mt-ROS induced mitochondrial damage and its interruption by mCAT (Online Figure XII) .
An additional link between mt-ROS and cardiac failure is likely to be mitochondrial energetic failure, such as the decline in mitochondrial respiration shown in Figure 5 . Consistent with previous reports, 27 we found that PGC-1␣, the main regulator of mitochondrial biogenesis, is upregulated during compensated hypertrophy and that this signal was blunted in heart failure (Online Figure X) . In contrast, it has been shown that many signaling pathways that induced mitochondrial biogenesis, such as AMPK, calcineurin and MAPK signaling, are often upregulated rather than downregulated in heart failure. 28 The molecular mechanisms underlying the loss of PGC-1␣ in transition to heart failure merit further investigation, and this report suggests that it will be important to further pursue the interactions of mt-ROS, mtDNA deletions and energetic failure as one of the mechanisms leading to heart failure.
Clinical trials applying antioxidants to attenuate the progression of cardiovascular diseases have shown equivocal benefits, at best. 29 These studies have, however, generally used cellular antioxidants, whereas there are now several promising mitochondrially targeted small molecule antioxidants, including mitochondrial-targeted ubiquinone (MitoQ), the catalase mimetic complex Mn(III)-salen chloride (Euk8), and SS peptide antioxidants. 30 -32 Our study, therefore, provides a strong rationale to investigate the potential application of such mitochondrial-targeted antioxidant drugs in the treatment or prevention of hypertensive cardiomyopathy and heart failure.
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Novelty and Significance
What Is Known?
• Oxidative stress and mitochondrial dysfunction have been implicated in several cardiovascular diseases.
• However, the roles of mitochondrial oxidative stress and DNA damage in hypertensive cardiomyopathy are not well understood.
What New Information Does This Article Contribute?
• Transgenic mice that express catalase in the mitochondria, but not mice that overexpress catalase in peroxisomes, are protected from angiotensin II (Ang II) treatment or G␣q overexpression induced cardiac hypertrophy and failure.
• This observation directly demonstrates that mitochondrial reactive oxygen species (ROS) play a critical role in the development of cardiac hypertrophy and failure.
• This study supports the potential use of mitochondrial-targeted antioxidants for prevention and treatment of hypertensive cardiomyopathy and heart failure.
Whereas both oxidative stress and mitochondrial dysfunction have been implicated in several cardiovascular diseases, the roles of mitochondrial oxidative stress and DNA damage in hypertensive cardiomyopathy and heart failure are not well understood. This was directly addressed by using genetic mouse models expressing catalase targeted to mitochondria, and comparing these to mice expressing catalase in peroxisomes (the natural location of catalase). The causal role of mitochondrial ROS was shown by the observation that only mice that express catalase targeted to mitochondria are resistant to cardiac hypertrophy, fibrosis, and mitochondrial damage induced by Ang II, as well as heart failure induced by overexpression of G␣q. Mechanistically, mitochondrial catalase blocked Ang II-induced accumulation of mitochondrial protein carbonyls, mitochondrial DNA deletions, increased autophagy, signaling for mitochondrial biogenesis, and activation of the ROS-sensitive MAP kinase ERK1/2 in the hearts. These observations indicate a critical role of mitochondrial ROS in the mechanisms that contribute to cardiac hypertrophy and failure and support the potential use of mitochondrial-targeted antioxidants for prevention and treatment of hypertensive cardiomyopathy and heart failure.
